Background
==========

Despite a remarkable decline in the incidence of gastric cancer (GC) in recent decades, it remains one of the most common malignancies and is the second leading cause of cancer-related death worldwide \[[@b1-medscimonit-23-3154]\]. Over 70% of new cases and deaths occur in developing countries \[[@b2-medscimonit-23-3154]\]. GC is often diagnosed at an advanced stage due to its aggressive metastasis \[[@b3-medscimonit-23-3154]\]. Importantly, GC is highly heterogeneous and patients have different prognoses even at the same clinical stage \[[@b4-medscimonit-23-3154]\]. Despite the development of anticancer drugs and treatments, GC cannot be cured, and the prognosis for patients in advanced stages is poor \[[@b5-medscimonit-23-3154]\]. One of the most important research topics is explaining the metastatic mechanism of GC and subsequently developing novel targeted therapy drugs.

Epithelial cell transforming 2 (ECT2) is a guanine nucleotide exchange factor (GEF) that catalyzes the exchange of GDP for GTP, thereby activating Rho family members of small GTPases, such as RhoA, RhoC, Rac1, and Cdc42 \[[@b6-medscimonit-23-3154],[@b7-medscimonit-23-3154]\]. ECT2 contains 2 tandem BRCT (breast cancer gene 1 C-terminus) domains, and both are required for the intramolecular interaction \[[@b8-medscimonit-23-3154]\]. The subcellular location of ECT2 is dynamic; it is sequestered in the nucleus during interphase and dispersed to the cytoplasm during mitosis \[[@b9-medscimonit-23-3154],[@b10-medscimonit-23-3154]\]. By regulating Rho family proteins, ECT2 plays roles in signal transduction pathways involved in the regulation of cytokinesis \[[@b11-medscimonit-23-3154]\] and malignancies \[[@b12-medscimonit-23-3154]\].

Due to its dynamic subcellular locations and role in activating GTPases, dysregulation of ECT2 has been discovered in numerous tumor types. High protein expression of ECT2 was reported in prostate cancer \[[@b13-medscimonit-23-3154]\], lung cancer \[[@b14-medscimonit-23-3154]\], colorectal cancer \[[@b15-medscimonit-23-3154]\], and gastric cancer \[[@b16-medscimonit-23-3154]\]. Mislocalization of ECT2 was found in ovarian cancer \[[@b17-medscimonit-23-3154]\], osteosarcoma \[[@b12-medscimonit-23-3154]\], and cervical cancer cells \[[@b18-medscimonit-23-3154]\]. The post-translational modifications of ECT2 also regulate its protein level and oncogenic functions, including ubiquitination \[[@b19-medscimonit-23-3154]\] and phosphorylation \[[@b20-medscimonit-23-3154]\]. As one of the most important post-translational modifications, phosphorylation plays critical roles in regulating signaling pathways \[[@b21-medscimonit-23-3154]\]. Several phosphorylation sites on human ECT2 protein have been identified by mass spectrometry method, including Thr359, Ser367, Thr373, Ser376, Thr444, and Ser716 \[[@b22-medscimonit-23-3154]--[@b24-medscimonit-23-3154]\].

Although the down-stream signaling pathways of ECT2 have been extensively investigated, few studies have reported its up-stream regulators. In this study, we found that the expression level of ECT2 was different in 2 GC cell lines (MKN1 and MKN45 cells), and further demonstrated that ECT2 was down-regulated by wild-type p53 protein. In contrast, the mutated p53 enhanced ECT2 protein expression. The abnormal enhanced expression of ECT2 in GC tissues has been reported from clinical studies \[[@b25-medscimonit-23-3154]\], but its oncogenic role in GC has not been verified at cellular levels. Therefore, we performed overexpression and knock-down experiments in MKN1 and MKN45 cell lines, which demonstrated that ECT2 can promote cell proliferation and invasion. Finally, we constructed the mutagenesis plasmids of ECT2, and revealed that the phosphor-mimic mutant T359D enhanced its oncogenic activity. In contrast, the activation of RhoA was inhibited in cells transfected with ECT2 phosphor-deficient mutant T359A, while the epithelial cell biomarker E-cadherin was down-regulated by ECT2-T59D, compared with cells overexpressing ECT2-T359A.

Material and Methods
====================

Cell culture and reagents
-------------------------

Human GC cell lines, MKN1 and MKN45, were obtained from Feiya Biotechnology (Nanjing, Jiangsu, China). Cells were grown in DMEM (Invitrogen, Carlsbad, CA, USA) containing 10% fetal bovine serum (FBS, Invitrogen), 100 IU/ml penicillin (Sigma, St. Louis, MO, USA), and 100 μg/ml streptomycin (Sigma). Cells were cultured on cell culture dishes and were passaged every 2--3 days using 0.25% trypsin (Invitrogen). Antibodies (ECT2, p53, GTP-RhoA, total-RhoA, E-cadherin, and β-actin) were all purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Western blot
------------

Protein extraction was performed by using RIPA lysis buffer. Extracted total proteins were separated by SDS-PAGE gels and transferred to polyvinylidene difluoride (PVDF) membranes. After blocking with 5% non-fat milk for 1 h, membranes were incubated with primary antibodies overnight at 4°C. Horseradish peroxidase-conjugated secondary antibodies were then added for incubations at room temperature for 1 h. After washing 3 times with phosphate-buffered saline, membranes were then exposed to enhanced chemiluminescence reagents (Merck, Darmstadt, Germany) for visualization of immuno-bands.

Reverse transcription quantitative polymerase chain reaction (RT-qPCR)
----------------------------------------------------------------------

Total cell RNA was extracted using TRIzol reagent (Invitrogen) from MKN1 and MKN45 cells. Single-stranded cDNA was reversely synthesized by use of a TransScript First-Strand cDNA Synthesis SuperMix Kit (TransGen Biotech, Beijing, China) following the manufacturer's instructions. To examine the mRNA levels, real-time PCR was performed and the fluorescence signal was detected with the StepOnePlus™ Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). GAPDH was used as an internal reference to calculate the relative expression of ECT2 using the 2^−ΔΔCT^ (CT, cycle threshold) method.

Primers were:

1.  ECT2: 5′-ACTACTGGGAGGACTAGCTTG-3′;

2.  5′-CACTCTTGTTTCAATCTGAGGCA-3′.

3.  GAPDH: 5′-AATGACCCCTTCATTGACCTC-3′;

4.  5′-TTCCATTGATGACAAGCTTCC-3′.

Plasmid constructs and siRNAs
-----------------------------

Human wild-type (WT) *ECT2* cDNA was obtained and isolated from a cDNA library generated by Hela cells with the following PCR conditions: initial denaturation at 95°C for 3 min, followed by 30 cycles at 95°C for 30 s, 55°C for 30 s, and 72°C for 2 min; a final extension step was carried out at 72°C for 5 min. The reverse-transcription PCR products were electrophoresed on an agarose gel and purified using the EasyPure^®^Quick Gel Extraction Kit (TransGen Biotech) and inserted into pcDNA3.0 plasmid vector. The constructed plasmids were transformed into DH5α*E. coli* cells and selected by ampicillin resistance. The sequences were tested by DNA sequencing via Sangon (Shanghai, China). The mutations of T359A and T359D on ECT2 were generated by site-directed Quickchange mutagenesis method \[[@b26-medscimonit-23-3154]\]. The p53-WT and p53-V143A mutant constructs were purchased from Addgene. The sequence for ECT2-siRNA was 5′-CAGAGGAGAUUAAGACUAU-3′ and ordered from GenePharma (Shanghai, China). Stealth RNAi Negative Control (NC-siRNA, Invitrogen) served as control. Cell transfection was conducted using Lipo2000 transfection reagent (Invitrogen) following the manufacturer's instructions.

Cell proliferation
------------------

Cell proliferation after transfection was analyzed using MTT assay. Briefly, 1×10^3^ cells were seeded into a 96-well plate and incubated for 1, 2, 3, and 4 days. At the indicated time point, 20 μL of MTT (5 mg/mL) (Sigma-Aldrich) was added into each well and incubated for 4 h. Then, the supernatants were removed and 150 μL of DMSO (Sigma-Aldrich) was added. Spectrometric absorbance was read at 490 nm by a microplate reader (Molecular Devices, Sunnyvale, CA, USA).

Cell migration
--------------

To examine cell migration *in vitro*, a wound-healing assay was conducted. Briefly, transfected cells were seeded in 6-well tissue culture plates and grown to a density of 70--80%. Cells were scratched using 200 μL pipette tips to create streaks in the monolayer after 12-h culture. The wound closure was observed and calculated at 12, 36, and 60 h using a light microscope (Olympus, Tokyo, Japan) as described by others \[[@b27-medscimonit-23-3154]\].

Cell invasion
-------------

Briefly, 1×10^5^ cells were seeded in a Transwell chamber (Corning, USA) with Matrigel coating. After the cells were incubated for 12 h, we changed the medium in the upper chamber with serum-free medium, and medium supplemented with 10% FBS was added to the lower compartment. After incubating for 18--24 h at 37°C in 5% CO~2~, cells that invaded through the membrane were fixed with 4% formaldehyde and stained with 0.5% crystal violet. Cells adhering to the lower surface were counted under a microscope in 5 randomly selected visual fields.

Results
=======

ECT2 expression was modulated by p53 protein in GC cells
--------------------------------------------------------

We chose 2 GC cell lines in the current study: MKN1 and MKN45 cells. We initially found that the protein expression level of ECT2 was higher in MKN1 cells than that in MKN45 cells ([Figure 1A](#f1-medscimonit-23-3154){ref-type="fig"}). Consistently, RT-qPCR results also showed the higher mRNA level in MKN1 cells compared with MKN45 ([Figure 1B](#f1-medscimonit-23-3154){ref-type="fig"}). Taking into consideration that MKN1 cells possess mutant-p53 while MKN45 is characterized with WT-p53 \[[@b28-medscimonit-23-3154]\], we speculated that ECT2 levels may be affected by the p53 proteins.

To test our hypothesis, we transfected the MKN1 cells with WT-p53 and transfected the MKN45 cells with mutant-p53 (p53-V143A). Immunoblotting results showed that WT-p53 inhibited protein expression of ECT2 ([Figure 1C](#f1-medscimonit-23-3154){ref-type="fig"}), but mutant-p53 increased the ECT2 protein level ([Figure 1D](#f1-medscimonit-23-3154){ref-type="fig"}), indicating the oncogenic role of ECT2 in GC cells.

ECT2 promoted GC progression through up-regulating cell proliferation, migration, and invasion
----------------------------------------------------------------------------------------------

It has been recently reported that ECT2 was highly expressed in clinical GC tissues and was correlated with poor prognosis \[[@b25-medscimonit-23-3154]\]. Therefore, we wanted to test its underlying oncogenic mechanisms at the cellular level. MTT experiments showed that ECT2-siRNA impaired the cell viability ([Figure 2A, 2B](#f2-medscimonit-23-3154){ref-type="fig"}), and ECT2-overexpression promoted cell proliferation ([Figure 2C, 2D](#f2-medscimonit-23-3154){ref-type="fig"}).

Importantly, the most aggressive characteristic of GC is the high metastasis capacity. Thus, we explored whether ECT2 affected the migration and invasion of GC cells. Wound-healing results showed that ECT2 knockdown inhibited cell migration whereas ECT2-overexpression enhanced it ([Figure 3A, 3B](#f3-medscimonit-23-3154){ref-type="fig"}). The invasion process of GC cells was also positively regulated by ECT2 protein ([Figure 3C, 3D](#f3-medscimonit-23-3154){ref-type="fig"}).

Phosphorylation of Thr359 was crucial for the oncogenic functions of ECT2
-------------------------------------------------------------------------

As described above, several phosphorylation sites of ECT2 have been identified, but the detailed roles of these sites have not been fully elucidated. In this study, we focused on studying the role of Thr359 in ECT2. We generated site-directed mutants of ECT2 to mimic or abolish phosphorylation status of Thr359. The Aspartic amino acid possesses a side chain, CH2COOH, which is similar to phosphate, and we chose T359D as the phosphor-mimic mutant. The Alanine has no side chain and thus T359A was selected as the phosphor-deficient mutant.

By transfecting MKN45 cells with ECT2-WT, T359D, and T359A, we demonstrated that phosphorylation of Thr359 improves its ability in activating RhoA and inhibits the expression of E-cadherin, indicating its role in promoting the epithelial-mesenchymal transition ([Figure 4A](#f4-medscimonit-23-3154){ref-type="fig"}). Finally, our results showed that Thr359 phosphorylation also enhanced the proliferation, migration, and invasion of GC cells ([Figure 4B--4D](#f4-medscimonit-23-3154){ref-type="fig"}).

Discussion
==========

Rho family small GTPases are molecular switches involved in numerous cellular functions, including cell cytoskeletal organization, differentiation, growth, and gene transcription. Three protein classes participate in regulating Rho GTPases between the active and inactive states \[[@b29-medscimonit-23-3154]\]: the guanine nucleotide exchange factors (GEFs), which can promote the release of bound GDP and catalyze GTP binding \[[@b30-medscimonit-23-3154]\]; the GTPase-activating proteins (GAPs), which can increase the GTPase activity and accelerate the restoration of proteins to the inactive state \[[@b31-medscimonit-23-3154]\]; and the guanine nucleotide dissociation inhibitors (GDIs), which can sequester the GDP-bound form of Rho GTPases and regulate their subcellular localization \[[@b32-medscimonit-23-3154]\]. The balancing between active and inactive GTPases is important in maintaining normal cell biological functions.

ECT2 is a GEF protein reported to be up-regulated in several tumor types \[[@b33-medscimonit-23-3154]\]. The major oncogenic mechanism of ECT2 functions through enhancing Rho GTPase activity \[[@b6-medscimonit-23-3154]\]. However, the regulators for ECT2 are largely unknown. In the current study, we demonstrated that wild-type p53 can inhibit the expression of ECT2, whereas mutant p53 can increase the ECT protein level. This phenomenon further confirmed the oncogenic role of ECT2 in tumors. Our results are consistent with a study showing that p53 repressed ECT2 gene expression via protein methyltransferases \[[@b34-medscimonit-23-3154]\], although it is unknown how mutant-p53 increases ECT2 levels.

In addition, the detailed role of ECT2 in mediating the biological features of GC cells has not previously been elucidated. Our study is the first to show that overexpression of ECT2 in GC cells can significantly promote tumor cell proliferation, migration, and invasion. We demonstrated that phosphorylation status of residue Thr359 was critical in regulating the oncogenic activity of ECT2. Abolishing the phosphorylation decreased RhoA activation and epithelial-mesenchymal transition, and subsequently inhibited the malignant phenotypes of GC cells.

There are some limitations in our study. First, we did not prove the direct crosstalk between p53 and ECT2, although p53 is involved in the suppression of ECT2 in GC cells. Second, clinical studies are needed to confirm the correlations between p53 mutation and ECT2 expression. Lastly, the role of other phosphorylation sites on ECT2 should also be verified in the future.

Conclusions
===========

In conclusion, the results of the present study suggest that ECT2 has an oncogenic role in gastric cancer cells, and determined that p53 as its up-stream modulator. The role of phosphor-Thr359 in ECT2 may also provide novel directions in drug development.
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![ECT2 expression was regulated by p53 protein. (**A**) The protein expression level of ECT2 was higher in MKN1 cells than that in MKN45 cells. (**B**) RT-qPCR results showed a higher mRNA level in MKN1 cells compared with MKN45. (**C**) Immunoblotting results showed that WT-p53 inhibited protein expression of ECT2. (**D**) Mutant-p53 increased the ECT2 protein level, indicating the oncogenic role of ECT2 in GC cells. All experiments were performed in triplicate at least 3 times.](medscimonit-23-3154-g001){#f1-medscimonit-23-3154}

![ECT2 promoted cell proliferation of gastric cancer cells. ECT2-knockdown inhibited the cell viability as reflected by MTT assay (**A, B**). In contrast, ECT2-overepression enhanced cell proliferation capacity (**C, D**). All assays were performed in triplicate at least 3 times.](medscimonit-23-3154-g002){#f2-medscimonit-23-3154}

![ECT2 up-regulated the migration and invasion capacities of gastric cancer cells. ECT2-knockdown inhibited the cell migration as reflected by wound-healing assay (**A**), and ECT2-overepression enhanced cell migration (**B**). Similarly, the cell invasion process was also positively regulated by ECT2 (**C, D**). All assays were performed in triplicate at least 3 times.](medscimonit-23-3154-g003){#f3-medscimonit-23-3154}

![Phosphorylation of ECT2 modulated its oncogenic functions. (**A**) The phosphor-mimic mutant T359D enhanced the activation of RhoA, and inhibit the expression of E-cadherin protein, whereas ECT2 phosphor-deficient mutant T359A showed opposite effects. In addition, Thr359 phosphorylation also enhanced the proliferation (**B**), migration (**C**), and invasion (**D**) capacities of gastric cancer cells. All assays were performed in triplicate at least 3 times.](medscimonit-23-3154-g004){#f4-medscimonit-23-3154}
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